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Abstract 
A simple and inclusive method is proposed for accurate determination of the habit plane between 
bicrystals in Transmission Electron Microscope. Whilst this method can be regarded as a variant of 
surface trace analysis, the major innovation lies in the improved accuracy and efficiency of foil 
thickness measurement, which involves a simple tilt of the thin foil about a permanent tilting axis of 
the specimen holder, rather than cumbersome tilt about the surface trace of the habit plane. 
Experimental study has been done to validate this proposed method in determining the habit plane 
between lamellar 2 plates and  matrix in a Ti-Al-Nb alloy. Both high accuracy (1) and high 
precision (1) have been achieved by using the new method. The source of the experimental errors as 
well as the applicability of this method is discussed. Some tips to minimise the experimental errors are 
also suggested.       
Key words: trace analysis; habit plane; Transmission Electron Microscopy; crystallography. 
 
1. Introduction 
The heterophase interface, between matrix and product phase, during phase transformations in metals 
and alloys always consists of one (or more) pair(s) of sharp and flat facet(s) with certain reproducible 
orientation, usually termed habit plane. The habit plane is one of the characteristic crystallographic 
features in a bicrystal system because it always corresponds to the local minima of interfacial energy 
or strain energy in configuration space [1]. Hence, accurate and reliable data of habit plane are crucial 
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for understanding the singularity of heterophase interface in a given system.  The habit plane in some 
systems, in particular between metal matrix and metal oxide, carbide or nitride [2-5] parallels a low-
indices crystallographic plane in one or both lattices adjoining the interface whereas the habit plane in 
other systems cannot be simply expressed by any low-indices planes in either lattice and hence it is 
usually termed irrational habit plane. The irrational habit planes are commonly observed in a 
precipitation system, such as {5 3 3}Cu habit plane between Cr-rich precipitates and Cu matrix [6], 
{11, 11, 13} habit plane between proeutectoid  phase and  matrix in a Ti-Cr alloy [7], {3.0,  
2.2,  3.4} habit plane between proeutectoid  phase and  phase in a Zr-Nb alloy [8], and {1 1 4} 
habit plane between proeutectoid cementite and austenite in a hypereutectoid steel [9]. The irrational 
habit planes are also reproducibly observed in many martensitic transformations, including the well-
known {2 2 5}, {2 5 9} and {5 5 7} habit plane in ferrous alloys [10,11] and {3 3 4} habit plane in 
Ti alloys [12]. It should be noted that the planes expressed by integral indices in the above examples 
are the closest ones to the actual habit plane and are used for convenience of communication. 
 
In spite of the rapid growth of capabilities of Transmission Electron Microscopy (TEM) during the 
last decades, there is limited advancement on the basic techniques to determine the habit plane – still 
relying on trace analysis. These techniques can be grouped into three categories, i.e. the single trace 
analysis method [13,14], the double trace analysis method [15,16 ] and the edge-on method [17,18,19] 
while each one has its own pros and cons. When the double trace analysis method is employed, two 
directions, i.e. surface trace and additional line defect lying in the interface are indexed first followed 
by vector cross production to calculate the habit plane. It is relatively easy to operate in TEM because 
it only needs two pairs of bright field (BF) images and the corresponding diffraction patterns without 
tilting the foil to particular orientations. However it is not applicable when the interface does not 
contain sharp and discrete line defects. On the other hand, the edge-on method does not require the 
availability of any line defects lying in the interface, but the edge-on condition cannot always be met 
given an arbitrary orientation of the interface with respect to the surface of thin foil. Even though the 
edge-on condition is approachable, it is very likely that the contrast of the interface is so weak that it 
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would be hard to judge whether a true edge-on condition is met or not, which certainly introduces 
additional experimental error.  
 
Compared to the double trace analysis method, one also needs to index the surface trace direction 
when the single trace analysis method is adopted, but no additional line defect is required. The other 
direction fixing the habit plane is defined by the angle between the interface and the foil surface, 
which is based on the measurement of projected width between surface traces and the foil thickness. It 
is a long-standing challenge to measure the foil thickness with good accuracy. For example, 
conventional method through measuring the spacing of intensity oscillations may allow the 
experimental error up to  5 [13]. Hence, the overall accuracy of this method is essentially controlled 
by the accuracy of foil thickness measurement and that is why it is also termed foil thickness method. 
In 1999, Zhang and Kelly [20] proposed an improved approach to measure the foil thickness by 
successive tilting about the direction of surface trace. The projected width between surface traces was 
measured accordingly and it is denoted as w0 at zero tilt condition and as w1 after tilting the foil by an 
angle . Then the foil thickness, t, can be expressed by 
 
)cos(
sin
1
01 

wwt   (1a) 
 
when the projected interface width is increased, and  
 
)cos(
sin
1
10 wwt  

 (1b) 
 
when the projected interface width is decreased and  
 
)cos(
sin
1
10 wwt  

 (1c) 
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when the foil is tilted through the edge-on condition of the habit plane. Then the inclination angle, , 
between the habit plane and the normal of thin foil can be determined as 
 
)(tan 01
t
w , (2) 
 
where  = 0 when the interface stands up at an exactly edge-on condition. 
 
By using this method, Zhang and Kelly succeeded in determining the (111) twinning boundary in 316 
stainless steel and {210}, {101} and {27

6

} junction plane between a pair of plate martensite in a Fe-
Ni-C steel. The accuracy can be well controlled within  3. However, this method requires that the 
tilting axis has to be parallel to the surface trace. Given randomly orientated surface trace at zero tilt 
condition, it is rather difficult manipulation for TEM users to align the tilting axis with the surface 
trace and to maintain well alignment during the tilting. The deviation of actual tilting axis away from 
the surface trace will lead to additional experimental error and hence reduce its accuracy. In order to 
overcome this drawback, in the current paper, we aim to develop a simpler and more user-friendly 
method is to measure the foil thickness for accurate determination of the habit plane. 
 
2. The new method to measure the foil thickness 
Without keeping the tilting axis parallel to the surface trace, we suggest measuring the foil thickness 
by simply using one of the permanent tilting axes, x or y, of the specimen holder so that significant 
change of projected width of the interface is visible after tilting. For convenience, we pick up tilting 
axis y as the tilting axis thereinafter. The new algorithm to determine the foil thickness is as follows. 
Suppose the habit plane enclosed by ABCD lying in an arbitrary orientation across the foil and its 
trace on the upper and lower side of foil is CD and AB respectively, as shown in Fig. 1. Since both 
tilting axes x and y parallel to the projection plane, we can build up a Cartesian coordinate with tilting 
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axes x, y and the normal of projection plane, z, which parallel to the electron beam. The origin of the 
coordinate, O, is defined to ensure that OD lies along the axis z. At zero tilt condition, the thin foil is 
aligned well with the projection plane, i.e. xy plane. So the habit plane trace, AB, coincides with its 
projection along the direction of 0, while the other trace CD has its projection on the xy plane along 
EO, sharing the same direction of 0. The angle between the direction of surface trace, 0, and the 
tilting axis, y, is denoted by 0. The spacing between AB and EO defines the width of the projected 
interface, w0 = |OF|. Given the fact that OD is perpendicular to the foil, the foil thickness, t = |OD|. In 
addition, the surface trace AB is normal to both OF and OD, and hence it is also perpendicular to the 
plane ODF. The habit plane which contains AB is perpendicular to plane ODF as well. This means the 
habit plane normal must lie in plane ODF, and it is highlighted in green by ON, which intersect with 
the habit plane at N. 
 
Generally speaking, the trace projection, 0, is not parallel to the tilting axis y, i.e. 0  0. Thus, the 
intercept of trace projections on axis x can be expressed by  
 
0
0
cos
||

w
OA  .  (3a) 
 
Let us consider the case where the projected interface width increases, i.e. w1 > w0, after the foil has 
been rotated about axis y by an angle  anticlockwise (we suppose an anticlockwise tilt leads to a 
positive value of ). The habit plane moves to a new position A’B’C’D’ while its projection also 
changes to SPQR accordingly, as shown in Fig. 2. The new trace projections SR and PQ spaced by w1 
and share the same direction of 1. The angle between 1 and tilting axis y is denoted by 1. In general 
cases, 1 is not equal to 0 unless 0 // 1 // y where 1 = 0 = 0. The intercept of the new trace 
projections on axis x can be expressed by 
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1
1
cos
||

w
PS  . (3b) 
 
Since any vectors do not change their length during rigid-body rotation, one can find |OA’| = |OA| 
while |OD’| = |OD| = t. Therefore, we can express |PS| in an alternative way as 
 
 sincos||sin|'|cos|'||||||| tOAODOAOPOSPS  . (3c) 
 
Combining Eqs. (3a), (3b) and (3c), we can obtain the explicit expression of foil thickness,  
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cos
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t  . (4a) 
 
When the tilting axis is exactly parallel to the habit plane trace 0, we have 0 // 1 // y and 1 = 0 = 
0. Eq. (4a) will be simplified to be Eq. (1a) in a conventional fashion. Similarly we can obtain the 
following expression of foil thickness 
 
)
coscos
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(
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1
1
1
0
0
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

ww
t  , (4b) 
 
when the projected interface width decreases, i.e. w1 < w0, after tilting the thin foil in the same way 
and  
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when the foil is tilted though the edge-on condition of the interface. Again, a simplified version of Eqs. 
4(b) and (c), which is equivalent to Eqs. 1(b) and (c) respectively, can be obtained when the surface 
trace direction exactly parallels the tilting axis at zero tilt condition.  
 
As can be seen from Fig. 1, we can still define an inclination angle,  = ODF, between the normal of 
the thin foil and its projection on the habit plane ABCD, which has exactly the same expression as 
that in Eq. 2. In the triangle ODF, we have ON  DF and OD  OF, which leads to FON = ODF = 
. Since the habit plane normal, n, parallels ON while its projection on the xy plane, nP, parallels OF, 
the angle between n and nP is also equal to . In addition, since nP  0, the geometry between nP and 
axis x can also be described by 0. Thus, the geometry of habit plane normal n with respect to the 
three principal axes, x, y and z can be fully described by two azimuth angles,  and 0. If we use x
r
, y
r
 
and z
r
 to reprsent the unit vectors expresed in a reference lattice, which parallel three principal axes, x, 
y and z, respectively, the habit plane normal can be numerically expressed by 
 
n = cos(cos0x
r
 + sin0y
r
) + sinzr. (5a) 
 
when nP (or OF) lies in the second quadrant of xy plane as shown in Fig.1(a), and 
 
n = cos(cos0x
r
 + sin0y
r
) + sinzr. (5b) 
 
when nP lies in the first quadrant of xy plane. The geometric between n and nP as well as x, y and z is 
also graphically illustrated in a quarter of pole figure, as shown in Fig. 3(a).  
 
3. Experimental procedure 
To test the accuracy and evaluate the precision of the above algorithm, TEM examination was made 
on the habit plane of lamellar 2 plates in  matrix in a Ti-45Al-5Nb-0.2C-0.2B (at.%) alloy sintered 
from gas-atomized powder. The detailed powder metallurgy process can be seen elsewhere [21]. For 
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TEM analysis, 0.5mm thick slices were cut from as-sintered samples and mechanically ground to 80 
m thick sheets. Discs 3 mm in diameter were punched from these sheets and were dimpled to a 
thickness of 15 m. Further thinning was made through ion milling using a Gatan Precision Ion 
Polishing System (PIPS) until perforation. All the TEM thin foils were analysed in a JEOL 2100 TEM.
 
 
4. Results and discussion 
Fig. 4(a) is a bright field (BF) image of one 2 plate at zero tilt condition. It can be clearly seen that its 
habit plane is inclined to the foil surface as witnessed by the appearance of intensity oscillations at 
both side of the interface. The surface trace direction, 0, is about 37.7 away from the permanent 
tilting axis, y, as arrowed in the image, i.e. 0 = 37.7. The interface width measures w0 = 74.9 nm. 
After tilting the foil about y axis by 9.1, i.e.  = 9.1, the projection width of the interface decreases 
to w1 = 57.6 nm while the surface trace direction changes slightly so that 1 = 36.3, as shown in Fig. 
4(b). Given the fact that w1 < w0, Eq. 4(b) will be adopted to calculate the foil thickness. Substituting 
the values of 0, 1, w0, w1 and  into Eq. 4(b), one can obtain the foil thickness, i.e. t = 139.5 nm. 
The inclination angle, , can be calculated accordingly from Eq. 2, i.e.  = tan1(w0/t) =  28.2.  
 
In order to obtain the numerical solution of habit plane normal, n, the remaining work is to determine 
the crystallographic directions of three principal axes, x, y and z in the reference lattice (in this paper, 
we take the lattice of hexagonal 2 as the reference lattice) by indexing the kikuchi line patterns taken 
at the zero tilt condition. Fig. 5(a) shows such a set of kikuchi line pattern taken within the 2 plate 
that corresponds to the BF image in Fig. 4(a) and the major kikuchi line pairs are indexed in Fig. 5(b).  
By using the CBKLDP method [22], three unit vectors, x
r
, y
r
 and z
r
 expressed in the referene lattice, 
which parallel three principal axes, x, y and z can be determined. They are expressed as 
 
x
r
 = [0.22,  0.44,  0.87]oth // [0.09,  1.09,  1,  1.71]hex, 
y
r
 = [0.97,  0.20,  0.14]oth // [1.27,  0.27,  1,  0.15]hex,  (6) 
z
r
 = [0.11,  0.87,  0.47]oth // [0.63,  1.63,   1,  0.71]hex, 
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where subscript ‘oth’ means the orthogonal coordinate converted from hexagonal lattice, denoted by 
subscript ‘hex’, which holds the relationship 
 
[3 0 0]oth = [1

 2 1

 0]hex, [0 1 0]oth = [1

 0 1 0]hex, [0 0 1]oth = [0 0 0 1]hex, (7) 
 
As can be seen from Fig. 5(b), nP (or OF) lies in the first quadrant of xy plane, so Eq. 5(b) applies. By 
substituting the values of 0 and  as well as the unit vectors x
r
, y
r
 and z
r
 into Eq. 5(b), the habit plane 
normal can be experimentaly quantified. The determined habit plane normal, n, has been graphically 
illustrated in Figs. 3(a) and 3(b) while Fig. 3(b) is the enlarged portion of the rectangular region in Fig. 
3(a). The red crosses represent the habit plane normal measured from the same plate but with different 
tilting angles, i (i = 1, 2, 3…9). The average habit plane, marked by the red square, has the 
expression of 
 
n = [0.001,  0.003,  1.000]oth // (0.001,  0.004,  0.003,  1)hex  (8) 
 
in the 2 lattice. As it is well known that the true habit plane parallels (0001)2 // (111) in lamellar 
titanium aluminide alloys [23], the improved foil thickness method exhibits satisfactory accuracy 
because the deviation of the determined habit plane from the true one is less than 0.5. On the other 
hand, the foil thickness resulted from 9 different tilting angles demonstrates excellent reproducibility 
since the data scattering is no more than 1 away from the average.  
 
Based on the algorithm presented in Section 2, further improvement can be made to minimise the 
ambiguity of w0 when the interface is already close to its edge-on condition, i.e. w0 is relatively small 
or when the contrast of the surface trace is not good enough for width measurement at zero tilt 
condition, which is also very common in practice. If two successive tilts have been executed about 
axis y by angles i and j respectively (j > i), the projected width of the interface changes from w0 
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to wi and wj accordingly. Suppose wj > wi while the interface does not flip over, then from Eq. 4(a), 
we have  
 
)
cos
cos
cos
(
sin
1
0
0



i
i
i
i
ww
t   (9a) 
 
and 
 
)
cos
cos
cos
(
sin
1
0
0



j
j
j
j
ww
t  , (9b) 
 
where i and j are the angles between surface trace and axis y, corresponding to the tilting angles i 
and j respectively. Both variables t and w0, can be resolved from Eqs. 9(a) and 9(b), and they can be 
expressed as 
 
)
cos
cos
cos
cos
(
)sin(
1
i
ji
j
ij
ij
ww
t







 , (10a) 
)sin
cos
(
cos
cos 0
0 j
j
j
j
t
w
w 


 . (10b) 
 
When the projected interface width decreases, i.e. wj < wi, Eq. 4(b) will be used to resolve t and w0. 
The solutions can be expressed as  
 
)
cos
cos
cos
cos
(
)sin(
1
j
ij
i
ji
ij
ww
t




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

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w
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Otherwise the foil is tilted through the edge-on condition of the interface, i.e. j > e > i, where e 
corresponds to the virtual tilting angle to meet the edge-on condition. In this case, the foil thickness 
will be expressed by 
 
 )
cos
cos
cos
cos
(
)sin(
1
j
ij
i
ji
ij
ww
t







 , (12a) 
 
and w0 has the form of  
 
)
cos
sin(
cos
cos 0
0
j
j
j
j
w
tw




 . (12b) 
 
By taking the two successive tilting approach, the experimental error can be further reduced when j 
and i have opposite sign, i.e. j > 0 > i. In these cases, Eqs. 1012 remain exactly the same forms, 
but the better accuracy can be expected because the change of the projected interface width will be 
more prominent. The data scattering of n can be well confined within 0.5 from the average if the 
opposite tilting is adopted to determine the habit plane of 2 plate in  matrix. Nevertheless, the three 
principal axes, x, y and z have to be invariably indexed based on a set of kikuchi patterns at zero tilt 
condition no matter whether the opposite tilt approach is used or not. We also suggest that a relatively 
thick area in a foil (100 nm < t < 200 nm) will be favourable to apply the successive tilting approach. 
On the one hand, the change of projected interface width is more easily visible at this condition and it 
effectively reduces the error of width measurement. On the other hand, the kikuchi diffraction patterns 
will be of desirable quality, with clear and sharp edges, when the foil thickness falls into this range. 
This is crucial for minimising the error of indexing the principal axes. 
 
The proposed approach has another advantage over the previous one [20] when the interface between 
adjoining crystalline phases consists of multiple facets. A typical example is rod-shaped austenite 
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precipitates in  ferrite matrix in a duplex stainless steel [24]. In this system, the austenite precipitates 
are usually enclosed by three sets of non-parallel facets. By using the previous foil thickness approach 
[20], one has to tilt the foil at least for three times while the tilting axis has to be changed so that it is 
well aligned with different surface trace each time. In contrast, if the current approach is employed, 
one just needs to tilt about axis y (or x) once until prominent change of the projected interface width is 
visible for all the facets. It could save much more time during the TEM operation without 
compromising the accuracy of measurement. 
 
Conclusions 
The habit plane between adjoining crystalline phases can be determined using a simple, accurate and 
inclusive approach in TEM based on an improved method for foil thickness measurement. Tilting the 
foil about a permanent tilting axis of the specimen holder, instead of tilting about the surface trace 
direction, is the core innovation of the current approach. This approach not only can ease the 
procedure to determine habit plane because even a single tilt holder can do the job, but it also 
improves the accuracy by eliminating the experimental error from misalignment of tilting axis with 
surface trace direction. The habit plane determination between an 2 plate and  matrix in a lamellar 
titanium aluminide alloy indicates that both the experimental error and data scattering can be well 
controlled within 1. The experimental study proves that the proposed method is effective and 
reliable and it can be applied to determine the habit plane between any bicrystals in TEM.  
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Figure Captions 
Fig. 1  A schematic figure of a thin foil containing two crystalline phase adjoining a flat interface 
ABCD at zero tilt condition. A pair of surface traces is denoted by AB and OE along the 
direction of 0 and the width between AB and OE is w0. The pincipal axes, x and y, parallel 
the two permanent tilting axes of the specimen holder while axis z paralles the transmission 
election beam. The parameters defined in the xy plane are highlighted in red as they are 
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directly measurable from TEM BF images, while the normal of the plane ABCD, i.e. ON, 
which is usually out of the xy plane, is highlighted in green. 
Fig. 2  The thin foil containing the interface is tilted by an angle of  about the axis y. The surface 
trace direction changes from 0 to 1 and the width of projected interface changes from w0 to 
w1 accordingly. All the other sybmols have the same meaning as in Fig. 1. 
Fig. 3  (a) The habit plane normal, n, is graphically illustrated in a quarter of pole figure defined by 
three principal axes, x, y and z. (b) enlarged portion of the rectangular region in the vicinity of 
the determined habit plane normal. The red crosses are experimental data obtained from a 
series of tilting angles for the same interface. The full square indicates the average habit plane 
normal. 
Fig. 4  The BF image of an 2 plate in a lamellar titanium aluminide alloy where the interface with 
the  matrix is inclined to the surface of thin foil (a) at zero tilt condition; (b) after the foil has 
been tilted by an angle of of 9.1 about the axis y. 
Fig. 5  (a) The kikuchi line pattern taken in the 2 plate at the zero tilt condition. (b) indexed kikuchi 
lines with their central traces along dashed lines. The direction of surface trace, 0, the 
projected normal of habit plane, nP and the principal axes, x and y, are also overlaped.  
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Highlights 
1. An improved algorithm is formulated to measure the foil thickness  
2. Habit plane can be determined with a single tilt holder based on the new algorithm 
3. Better accuracy and precision within  1 are achievable using the proposed method 
4. The data for multi-facet determination can be collected simultaneously 
